Introduction
Due to its high toxicity, sulfide is considered to be an important parameter for studying of an ecosystem; in water it can usually be represented by the sum of H2S, HS -and S 2-species that keep their equilibrium in solution. 1, 2 In the form of H2S, sulfide can be found as a result of the decomposition of the organic matter, and also as the result of sulfate reduction. 3 Several methods for sulfide determination are described, including volumetric, 4 spectrophotometric, 5, 6 chromatographic, [7] [8] [9] [10] [11] chemiluminescence, 12, 13 catalytic, 14, 15 fluorescence, 16 ,17 potentiometric, 18 ,19 amperometric 20, 21 and polarographic 22 methods. However, for environmental samples, in order to ensure dependable results, procedures for pretreating samples are necessary; and this is usually the most difficult and time-consuming stage. 4 For spectrophotometric determinations, the phenothiazine dye blue methylene, recommended by Fischer for the identification of sulfide, based on a reaction with N,N-dimethyl-pphenylenediamine (DMPD) in acid medium and in the presence of Fe(III), is the most used and studied. [16] [17] [18] [19] [20] [21] [22] [23] The reaction mechanism has been described by several authors. 24 Alternatively, diethyl-phenylenediamine (DEPD) has been used to replace DMPD as a spectrophotometric reagent, because this compound forms an analog to blue methylene, called blue ethylene. 25 Comparative studies have reported aromatic amine DEPD to be as one that leads to the formation of phenothiazine dye with higher molar absorptivity. 26 These results corroborate with previous published methods, indicating the high sensitivity of DEPD for the spectrophotometric determination of sulfide. 3, 24, 25 Sulfide anion can act as a versatile intermediate through which sulfur with other species can be determined, since their high reactivity provides various means of detection. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] In this sense, the coupling of flow injection analysis (FIA) with different detection strategies can be considered to be a good alternative for sulfide determination. Such a feature is assured to be due to outstanding advantages of the FIA system, such as simplicity, little sample manipulation, low reagents and sample consumption and, consequently, low-waste outcome. [31] [32] [33] [34] [35] [36] [37] The segmented flow analysis technique is considered to be a precursor of the different models of flow systems available today, based on sequential aspiration of the sample and air bubbles that make the flow dispersion better controlled. 37 Nowadays, there are several flow system configurations, such as: conventional flow-injection analysis with continuous flow and no air bubbles, proposed by Ruzicka; 38 a system with only one liquid segment trapped between two gas segments, which was named monosegmented; a system that employs several solenoid valves, named multicommutation; and a sequential analysis system. 39 In the present work, FIA strategies/configurations, such as multisegmented, 37 multicommutated 40 and gaseous diffusion, 41 were explored in order to determine sulfide by an in-line sample treatment. The present paper describes an inline flow-injection analysis system for the determination of sulfide in water samples, exploiting the Fischer reaction. Water samples were collected and introduced into a reactor of the FIA system. The sulfide released, after sample acidification, was carried out with a nitrogen gas flow and mixed with N,N diethyl-p-phenylenediamine (DEPD) solution in the presence of Fe(III). The blue dye formed was measured in the wavelength range between 672 -679 nm. An evaluation of the effects of chemical and flow factors was performed using the factorial design of two levels, while optimization was accomplished by a Doehlert matrix. The system presented two linear-response ranges: the first of 0.433 to 400 μg L -1 and the second of 400 to 3500 μg L -1 . The detection and quantification limit were found to be 0.130 and 0.433 μg L -1 , respectively, while the sample throughput was 12 h -1 . The precision was evaluated as the relative standard deviation (n = 10); for 50 and 100 μg L -1 sulfide it was found to be 1.9 and 2.3%, respectively. The method showed satisfactory selectivity regarding the main interference present in environmental samples. The accuracy of the method was successfully evaluated in environmental water samples after a comparison with a literature reference method. The conventional sample treatment for sulfide determination is very time consuming, and consists of sample collect, preservation in an alkaline medium, separation of H2S with sample acidification, and finally spectrophotometric measurements. Therefore, the highlight of the proposed method is related to the implementation of a multisegmented system analysis, which makes the whole sulfide determination easier, quicker and requiring low consumptions of reagents/sample. For this task, a small reactor, 2 mL internal volume, was built and coupled to the FIA system and, employing a proportional commutator; a segmented flow was produced.
Sequential injections of a chromogenic reagent (liquid) and nitrogen (gas) plus H2S released from the reactor were performed. H2S was mixed with the reagent with a further formation of blue methylene, which was spectrophotometrically measured. All of the factors that play important roles in the flow system were studied and optimized using chemometric tools, including fractional factorial design, a Doehlert matrix and the response surface methodology (RSM). 42, 43 Such optimization strategy was adopted, since the factors investigated in the flow system are usually dependent. Thus, a univarite method is not able to evaluate the interactions among factors.
Experimental

Reagents and chemicals
Analytical-grade chemical reagents were used as well as ultra-pure water from a Millipore Milli-Q purification system (Millipore, Bedford, MA) to a resistivity of 18.2 MΩ cm. The acidic DEPD (Fluka) was prepared by weighting in H2SO4. Acidic solutions of Fe 3+ were prepared by the dissolution of FeCl3·6H2O (Sigma-Aldrich) in H2SO4. The reactor's solution (HCl, 6 mol L -1 ) was prepared by diluting the concentrated acid, and solutions of zinc acetate by dissolving (CH3COO)2Zn2H2O crystallized PA (Proquimios).
A stock sulfide solution (100 mg L -1
) was prepared daily in NaOH (0.025 mol L -1 ) to be preserved, and was later standardized as described in APHA. 4 Sulfide reference solutions were also prepared in 0.025 mol L -1 NaOH by proper dilutions of the stock solution. In order to avoid contamination from laboratory glassware, it was kept overnight in a 10% (v/v) HNO3 solution. Later, they were rinsed with deionized water and put to dry up in a dust-free environment.
Apparatus
All spectrophotometric measures in the multisegmented FIA system were carried out in the range of 672 -679 nm with a spectrophotometer Model USB 4000 Ocean Optics (UV-visible), equipped with fiber optics, a tungsten lamp and a flow cell with a 1.0-cm optical path. Data acquisition was performed using the Spectra Spectroscopy Software Suite. The 8-channel peristaltic pump from Ismatec, Model IPC (Zurich, Switzerland), with Tygon ® tubes was used to propel all standards, samples and reagents solutions. The transport lines were made of PTFE (polytetrafluoroethylene) tubes of 0.8 and 1.2 mm internal diameter. A set with two three-way Incorporated Research (NR) solenoid valves was used in multicommutation, and the sample and reactor solutions were injected with an automatic injector commutator made of Teflon ® . Both were controlled by the microcomputer parallel interface. The reactor was built with 1.5 ml polyethylene tube.
A system diagram of analysis in multisegmented flow is shown in Fig. 1 . It has two solenoid valves and an automatic commutator injector.
Valve 1 works constantly, alternating their status between the ON position for 2 s (insertion of the chromogenic reagent) and the OFF position for 12 s (gas insert). This valve provides the formation of a multisegmented flow necessary for spreading the hydrogen sulfide into the chromogenic reagent.
In the first stage (sampling step, 80 s time interval), the commutator is set up (in A position) to fill the sample (L3, 1.0 mL) and acid (L4, 100 μL) loops.
In second step, the commutator is switched (B position: sample insertion step, 180 s) and V2 is turned OFF. The HCl and the sample are carried to the reactor, and thus H2S is formed and transported by N2 until the reagent confluences, and the signal is measured (see Fig. 2 ).
In the third step, V2 is activated (ON, 40 s) , providing reactor In (B): I, gas; II, solution/gas interface noise; III, chromogenic reagent and H2S gas react region (data point). There is no H2S, in the gas phase, before 2 min.
cleaning while withdrawing the liquid content and ending the cycle of sampling/reading.
Optimization study
During optimization of the proposed system, a 2 7-3 fractional factorial design was used, followed by a Doehlert design. These experiments were performed in duplicate and in random order using a 5 mg L -1 sulfide solution. The factors investigated in the fractional factorial design are given in Table 1 along with their respective levels, as well as estimate of the obtained contrast. It is worth remembering that the choice of levels was based on literature data and previous knowledge of the system. After screening of the factors with fractional factorial design, a Doehlert design for three factors was performed associated with RSM for the final optimization of the method. The peak area was used as the analytical response. The experimental data were processed using the program STATISTICA (StatSoft, Tulsa, USA), setting the statistical significance with a confidence level of 95%.
Results and Discussion
Optimization procedure
In order to assess the significance contrast of factors estimates, the variance of the overall experiment with 16 degrees of freedom estimates was firstly calculated, and after the standard error of 1.27 × 10 -2 , with 95% confidence was obtained. 43 As verified from Table 1 , all factor estimates are higher than the experimental standard error, and naturally, all estimated factors investigated are statistically significant within the experimental domain.
The loop sampling (SL) showed a positive contrast estimate (0.1833), and increases in the sample volume make the analytical signal higher. However, since this factor is limited by the volume of the reactor, which is 1.5 mL, the best sample volume adopted was 1 mL. The contrast estimate of TV1 was negative (-0.1919), indicating that the lower level of this factor (2 s) favors the analytical response. Because this valve controls the volume of the reagent (DEPD + Fe 3+ ) inserted into the H2S gas released from the reactor, it was expected that when using 4 s, the excessive volume of reagent would react with H2S. As consequence, a dilution effect of blue ethylene dye would be observed, thus explaining the decrease of analytical signal. On the other hand, an excessive decrease of TV1 would not be feasible because the volume of the liquid that passes through the detector would be very small. Therefore, a time valve of 2 s was chosen as the best value. The reaction coil (L2) with an estimate of 0.1034 indicates that increasing the level of this factor (200 to 700 μL) causes an increase in the analytical response, which can be explained by the slow reaction of blue ethylene formation. However, when increasing the reaction coil the sample throughput is considerably affected. Thus, a reaction coil (L2) of 700 μL was employed in this study. Regarding the reagents coil (L1), a negative estimate of contrast (-0.0265) was observed. Such behavior indicates that increasing the reagents coil probably leads to an instability of the intermediate formed by the oxidation of DEPD by Fe 3+ . Hence, the value of the L1 factor chosen was 150 μL.
The concentration of Fe 3+ (RC2) showed a negative contrast estimate (-0.1919) . Such a result is somewhat expected, since an excess of reagent can lead to the formation of iron sulfide, which interferes with the second step of the reaction by reducing the amount of the formed product. The concentration of sulfuric acid in the reagents also presented a negative contrast estimate (-0.1734), indicating that strong acid media makes the DEPD oxidation by Fe 3+ difficult, and consequently inhibits the formation of the intermediate compound, which would be reduced by H2S. The contrast estimate of 0.1421 presented by the concentration of DEPD shows that the increase in the concentration of DEPD (1.5 to 3.0 g L -1 ) enhances the analytical response.
After screening of the factors, the optimum values for R1C, R2C and ARC were obtained using the Doehlert design for three factors. 44 In order to check the adjustment of the experimental data with a statistical model, both linear and quadratic models were evaluated in accordance to an analysis of variance (ANOVA).
Analyzing variance of the quadratic model (see equation) was chosen because it reproduces 99.96% of the total variation, while the linear model reproduced only 35.75% (not shown here). Also it can be observed that MSregression/MSresidues for this model is 181.94. Moreover, according to an MSlof/MSpe of 7.54, which is lower than the critical value of F7,2 = 19.35 at the 95% confidence level, it confirms the absence of a lack of fit for the quadratic model. Using the quadratic model, three response surfaces were built (Fig. 3) , whose presence of the maximum points was confirmed by Lagrange's criterion. 44 Solving the Lagrange criterion was found for DEPD, the maximum concentration 
Interference studies
The influence of the concurrent proposed method was evaluated by comparing the analytical signal obtained for a standard solution of sulfide (300 μg L -1 ) with that containing the concomitant potential at concentrations below and above the level set by the National Council on the Environment (CONAMA). 45 When these levels were not established by the regulator, it was added to two different concentrations of concomitant, normally found in environmental samples. Thus, the tested concentrations (low/high, in mg L (2.5/10.0), and Ag + (0.025). The percentages of recovery of the analytical signal ranging from 90 to 110% for the standard concentration of sulfide showed no influence of the concomitants. Only the silver was considered interference, that due to the formation of Ag2S, which is insoluble. However, it is worth remembering that in natural water this metal is not generally available, even at low concentrations. Therefore, the method showed satisfactory selectivity in the presence of a concomitant often found in real samples, then suggesting the possibility of a successful application in the determination of sulfide in environmental samples.
Figures of merit and application
The proposed procedure presented an analytical curve with two linear regions, the first response ranging between 0.433 and 400 μg L -1 and the second between 400 and 3500 μg L -1 , with a good correlation coefficient (r 2 > 0.99) for both segments. The limits of detection (0.130 μg L -1 ) and quantification (0.433 μg L -1 ) were calculated according to IUPAC, which was, respectively, based on 3 and 10 times the standard deviation of 10 measurements of a blank solution. 46 The precision was evaluated as the relative standard deviation (n = 10), for 50 and 100 μg L -1 sulfide; found 1.9 and 2.3%, respectively. According to Table 2 , the proposed method shows a wide linear range and a lower limit of detection compared to those reported in the literature. In addition, the highlight of the proposed method is related to this not requiring any sample pretreatment, and reduced sample/reagent consumption.
In order to verify the applicability of this method for sulfide determination in water samples, addition and recovery tests in spring, river and dam water were carried out. The samples were spiked with a S 2-concentration of 300 μg L -1 for spring and river water and 3000 μg L -1 for dam water. Good recovery results were obtained, ranging from 96.3 to 99.4%, which indicate the efficiency of the proposed method. In addition, the results obtained by the method were compared with a reference method published in the literature. 4 According to Table 3 , statistically there is no difference (t test paired at 95% confidence) between the proposed method and the reference method; it is thus confirmed once more the accuracy of the method for sulfide determination in water samples. 50 This work SI-MSFA, Sequential injection-monosegmented flow analysis; MSFIA-Optrode + GD, multisyringe flow injection analysis system coupling a flow-through optical fiber diffuse reflectance sensor with in line gas diffusion. 
Conclusions
The methods previously published for sulfide quantification usually required a sample preparation step, what made the analysis time-consuming and susceptible to errors from different sources. Moreover, the limits of detection, quantification and linear range often were unfavorable to its application in environmental samples due to the low levels of sulfide in water samples. Such drawbacks were somewhat overcome by the development of the present method. Some features of the method can be highlighted, including reduced sample consumption, low cost, satisfactory sample throughput, and satisfactory selectivity; especially, no requirement exists for pretreating of the sample, since it can be inserted directly into the reactor, suggesting its application in routine analysis. Finally, the method is also associated with the concept of Clean Chemistry, because it produces a small amount of waste that is bubbled in a medium containing a solution of zinc acetate in order to avoid the release of sulfide into the atmosphere.
